The distributions of arsenic and 6 essential elements in the pinna of As hyperaccumulator, Pteris vittata L., were studied using synchrotron radiation X-ray fluorescence (SRXRF). Significant correlation between the distribution and mobility of the elements revealed that SRXRF study on the elemental distribution was feasible to inspect the transportations of elements in plants. The distribution of As in the pinna showed that As had great abilities to be transported in xylem vessels and from xylem to mesophyll. The distribution of K, one of the most mobile elements in plants, was similar to that of As, whereas the distributions of Fe and Ca with less mobility in plants were almost opposite to that of As in the pinna.
The use of hyperaccumulators with special abilities to accumulate contaminants to clean up contaminated soils is an efficient and environmental sound method for soil remediation [1] . More than 400 species of hyperaccumulators have been reported [2] , among which Chinese brake (Pteris vittata L.) was the first arsenic hyperaccumulator discovered independently by Chen et al. [3] and Ma et al. [4] years ago. With special abilities to grow in mining tailings with As concentration up to 23400 mg/kg and to hyperaccumulate As much higher than 1000 mg/kg in its above-ground biomass whenever in field or greenhouse, this species was considered as an ideal plant material for phytoremediation of As contaminated soils [3] . Sponsored by several national research programs, such as National High-tech Research and Development Program and National Basic Science Research Program, a field demonstration to phytoremediate As contaminated farmland with P. vittata was carried out in China [5] . Favorable phytoremediation efficiency of As removal was verified in the field studies. The discovery of P. vittata and the success of field demonstration by our group laid a foundation for the coming application of As phytoremediation.
With special abilities to take up As and translocate it to shoot, and extremely great As tolerance, P. vittata has also been considered as a plant material to study the processes of As hyperaccumulation and detoxification in plants. It would help to understand the mechanism of As hyperaccumulation and to reconsider the physiological and biochemical function of As in plants [6] . Various researches about the compartment of toxic elements, the role of phytochelatins, and As uptake channel, etc., have been reported recently [6 8] . However, the mechanisms of As hyperaccumulation and tolerance still remain unknown. Microdistribution of elements could reveal the transportation processes of elements in plant tissues and help to understand the phenomena observed from experiments with regard to the whole plant [9, 10] . The distribution of elements in the plant leaf might indicate the process of elemental transportation in it [11] , including the transportation in xylem vessels and that from xylem to mesophyll which might determine the accumulation ability of plants. The study on elemental distributions in pinna, where As was mainly stored [3] , of P. vittata will make a great contribution to understanding the mechanisms of As hyperaccumulation and detoxification.
Common microanalytical techniques using the normal excitation light source were poor in detection sensitivity and could not get reliable information on the distributions of toxic elements whose concentrations were usually low in plant tissues. Furthermore, most of those techniques need some destructive sample pretreatment, such as chemical fixation, embedding, etc. that might induce the loss of elements and change the original distributions of elements in plant tissues [10] . One reliable technique to study elemental distribution in biological samples in the fields of environmental science, life science, and medical science, etc. was the synchrotron techniques using X-ray fluorescence (SRXRF). The technique has been proven to be of great attributes, such as high detection sensitivity, no destruction to samples, rapid simultaneity for the measurement of multielements, and the ability to analyze living objects [9, 13, 14] . In order to recognize the transportation of As and other elements, and their relations to As hyperaccumulation, SRXRF was used to study the distributions of As and other elements in the pinna of P. vittata in the work.
Materials and methods

Plant culture
The living plants of P. vittata, with the original contaminated soil around the rhizoid, from Shimen Arsenic Sulphide Mine in Hunan Province, China were transplanted to greenhouse and cultured in a pot [3] . All fronds were removed to avoid possible contamination induced by atmospheric pollutant in the field. After 3-month cultivation, new fronds of about 50 cm in height were sampled for SRXRF scanning.
SRXRF scanning
X-ray fluorescence scanning of the living pinna was performed at XRF station on Beamline 4W1A of Beijing Synchrotron Radiation Facility (BSRF). The electron storage ring was operated at 2.2 GeV with electron current ranging from 78 to 120 mA in the experiment. A mature pinna from the new frond of P. vittata rinsed with deionized water was fixed by a piece of adhesive tape in a sample positioning stage with a 5 µm/step translocation in three dimensions, driven by computer-controlled stepping monitors, after it was air-dried on both sides. The horizontal and vertical slits were adjusted to confine the size of exciting X-ray beam to 50 50 µm. The sample profile was adjusted to 45° with respect to the beam direction and a fluorescent detector was located in the position of 6.5 cm away from the sample. The scanning was performed using a manner of point by point with scanning step of 2.25 mm/step in the direction parallel to midrib and 0.6 mm/step vertical to midrib ( fig. 1(a) ). The exposure time was 50 s for each point. Energy spectrum of each point was collected after the fluorescent signal excited by X-ray was connected to a multi-channel energy dispersive spectrometer ( fig. 1(b) ).
Spectra resolution and data analysis
Spectra resolutions were processed using a program AXIL to integrate the excited peak area of concerned elements. Relative content of each element was calculated by calibrating the peak area with electron current [15] , followed by normalization with Compton scattering intensity [16] . The distribution of each element was mapped with Surfer 7.0 software using triangulation interpolation ( fig. 2) . Multielemental correlation analysis and cluster analysis were performed using statistic software SPSS 10.0.
Results and discussion
Marked excited As peak as shown in fig. 1(b) was observed in SRXRF spectra at all sampling points, whereas the signal of As could only be acquired at limited sampling points in pinna of P. vittata with average As concentration up to 7219 mg/kg in our former study using an environmental scanning electron microscope (XL-30, Philips Co.)(data not shown). Therefore, SRXRF might be a useful technique to analyze the distribution of microelements with low concentration in plant tissues. Except for As, the peaks of the essential elements, K, Ca, Mn, Fe, Cu and Zn, could also be detected in the pinna of P. vittata in our study ( fig. 1(b) ). Unfortunately, as the SRXRF scanning was operated in the atmosphere in the study, some light elements, such as Na, P and S, with high concentrations in the sample were undetectable for air absorption.
The distribution of As and the 6 elements is shown in fig. 2 with the darker color denoting the higher concentrations of the elements at the point scanned. Different distribution pattern among elements could be found in the maps. It was shown that As was relatively high in the midrib than in its surrounding tissues, and the difference between midrib and the surrounding tissues was the most distinct in the tip of pinna ( fig. 2(a) ). Arsenic concentrations were relatively even in the direction vertical to midrib in the middle and base regions of pinna, and no distinguished difference between midrib and its surrounding tissues was observed in the base region of pinna. It indicated that As in the midrib tends to translocate to the surrounding mesophyll tissues. That is to say that P. vittata had strong ability to transport As across mesophyll cell membrane. The study on distribution of zinc in leaves of two Thlaspi species indicated that Zn in non-hyperaccumulator T. arvense primarily remained in veins without translocation to the surrounding tissues, which was different from Zn hyperaccumulator T. caerulescens with more even distribution of Zn throughout the leaf [11] . And it was also considered that the poor ability to transport Zn across mesophyll cell membrane might lead to the low accumulation and tolerance in plants [11] . Therefore, that P. vittata had strong ability to transport As across mesophyll membrane in the pinna might be an important mechanism for As hyperaccumulation in the plant. Another distinguished phenomenon in As distribution was that the higher As concentration was allocated in midrib closer to the tip of pinna. It indicated that As had great ability to be transported in vascular bundle of midrib and the long distance translocation of As in xylem of pinna might be an efficient process in P. vittata. The strong ability of As transportation in the xylem shown in this study was consistent with the high root to shoot transportation factor (TF) shown in our previous studies based on the whole plant [3] . It was generally acknowledged that the cell wall in xylem with high cation exchange capacity (CEC) might inhibit the transportation of cations stronger than that of anion in xylem [12] . Therefore, most of As in P. vittata presented as arsenite anion [17, 18] might be translocated to shoot along with xylem sap with little resistance. Strong ability of As transportation in xylem shown in this study might be an important mechanism for P. vittata to accumulation a large amount of As in its frond.
The distribution of K was greatly similar to that of As ( fig. 2(a) and (b) ), which was also shown by closest cluster distance between K and As in the cluster analysis ( fig. 3 ) and significantly positive correlation between them in the correlation analysis (table 1) . Therefore, the mobile element K had great ability to be transported in xylem vessels and from xylem to mesophyll which was similar to the transportation behavior of As. It was hypothesized that K might synergize with As in transportation in P. vittata according to the results of the previous studies that K concentration in frond increased when As was added [19] , 1) . The similarity of distribution between K and As in the pinna also supported this opinion. The significantly positive correlation between As and K was also observed in the microdistribution on the cellular scale in the pinna of another As hyperaccumulator P. nervosa [10] . Therefore, it implied that the synergistic effect between As and K in transportation might not be limited in P. vittata. As it was known that arsenic primarily presented as anion in the pinna of both As hyperaccumulators [17, 18, 20] , K presented as K + in plant might operate some ionic or charge balance to preserve regular physiological actions in hyperaccumulators.
It was shown that inorganic As had no significant effect on K concentration in wetland vegetable alterniflora) [21] , or inhibited K uptake in the bean plant (Phaseolus vulgaris) [22, 23] . The different effect of arsenic on K uptake between normal plants and hyperaccumulators indicated that the synergistic effect might not operate universally at all species. EXAFS studies on Indian mustard (Brassica juncea) [24] and wild ramie (Boehmeria nivea) 1) implied that As in the non-hyperaccumulators mainly coordinated with sulfur as organic As. Therefore, little K + or other cation was necessary for the transportation of organic As in the plants to keep the balance of ionic and charge. Similarity of distribution and transportation between As and K might be a special characteristic for the plants in which As primarily presented as inorganic anion in tissues, such as As hyperaccumulators P. vittata and P. nervosa, etc.
The concentrations of Mn and Zn in the surrounding mesophyll tissues were greatly lower than that in the midrib ( fig. 2(c) and (d) ), and the difference of these two elements between midrib and surrounding mesophyll was more distinguished in comparison with that of As and K. It indicated that Mn and Zn transportation from xylem to mesophyll was relatively poor in the pinna of P. vittata. A relatively long cluster distance (about 10) between As, K and Mn, Zn also showed the great difference between those two groups of elements. The distributions of Mn and Zn in the direction along midrib were similar to those of As and K, and they also tended to be translocated to the tip of pinna in midrib ( fig. 2 ). The Result of Xiao et al.
showed that As could enhance the transportation factor (TF) of Mn and Zn in P. vittata, and the concentrations of Mn and Zn in the pinna with different levels of As application were positively correlated to each other [25] . The similarity in distribution of As and Mn (or Zn) and the positive correlation between their uptake and transportation implied that Mn and Zn might also accompany with As in some processes in plants.
Distributions of Cu, Fe and Ca in the pinna were significantly distinguished to that of As ( fig. 2) , which was also shown by the poor correlation between those elements and As (table 1) . Copper tended to accumulate in the region near the tip ( fig. 2(e) ) while most of Ca was allocated in the middle and base region of pinna ( fig. 2(e) ), and the correlation coefficient of Cu and Ca was negative (table 1) , and their distributions were almost opposite to each other. Iron tended to accumulate in the base of pinna and the region with higher Fe concentration was confined in a narrow space close to the base of pinna ( fig. 2(f) ). With higher concentrations in the base and lower ones in the tip of the pinna, the distribution of Fe and Ca indicated that the mobility of those two elements was poorer than those of other elements. It was consistent with our knowledge that Fe and Ca were among the most immobile elements in plants. As it was reported that Ca could reduce the abilities of As uptake and transportation in P. vittata [26] and Fe could inhibit the transportation of As to vessel bundle in the root of normal plant [27] , coprecipitation of Fe and Ca with arsenate and arsenite anions on the root surface was usually considered as the main cause for Fe and Ca to reduce As uptake in plants [26, 27] . The distribution of Fe and Ca was significantly different from that of As which was also shown by the longest cluster distance and the poorest correlation between Fe, Ca and As. It might imply that no severe coprecipitation might process in P. vittata, at least in its pinna.
As it was mentioned above that the distributions of the 6 essential elements in the pinna had great correlation to their mobilities in the plant, the study on elemental distribution could provide an available means to understand elemental transportation in plants and might help to understand some special phenomena acquired by the normal analysis.
Conclusion
The distributions of elements in pinna of P. vittata were analyzed using SRXRF in this work, and it could be concluded that:
(i) The distributions of most elements in P. vittata were acquired in this study by SRXRF, demonstrating that SRXRF was a suitable technique to study the distributions and transportation of microelements in plants.
(ii) The distribution of As in pinna of P. vittata indicated that As had great ability to transport in xylem vessels and to transport from xylem to mesophyll. It might be an important mechanism for P. vittata to accumulate a large amount of As in the frond.
(iii) The distribution of mobile K was similar to that of As. The distributions of Mn and Zn in the direction parallel to midrib are similar to that of As while their ability of transportation from xylem to mesophyll was poorer than that of As and K. The distributions of less mobile Fe and Ca are almost opposite to that of As in pinna and they are mainly located in the region close to base.
